The electrochemical oxidation of various open-chain and cyclic amidrazones in acetonitrile was investigated by cyclic voltammetry. The oxidation was found reversible for both N 2 -disubstituted open-chain amidrazones and all cyclic compounds with the exception of triazole derivatives that could not be oxidized. Microcoulometry revealed an extrapolated charge consumption of one electron per molecule. The experimentally obtained oxidation potentials correlate well with the reaction energy of oxidation calculated from density function theory (DFT) that clearly supports the hypothesis of a persistent radical formation. The total atomic spin density of radical cations was calculated and permits to make a statement about the localization of radical formation. The synthesis of (E)-2-(methylphenyl)hydrazono-N-phenyl-2-piperidin-1-ylacetamide 7 representing open-chain α-carbonyl substituted N 2 -alkyl, aryl-amidrazones and the synthesis of 6-aminosubstituted 2,3,4,5-tetrahydro-1,2,4-triazin-5-ones, a new class of amidrazones, are described.
Introduction
Amidrazones 1 are known as convenient building blocks for various N-heterocycles, such as 4,5-dihydro-1H-1,2,4-triazoles (triazolines) 2, 1H-1,2,4-triazoles 3, or benzotriazepines 4 (Scheme 1). 1 In recent years, various biological activities have been discovered for amidrazone compounds, e.g., fungistatic 2 , bacteriostatic, and antimycotic 3 activities as well as inhibitory effects on mammalian and plant enzymes, e.g. lipoxygenases (LOX) 4 that are possibly subject to a redox mechanism.
The aim of our study is: (i) To evaluate the redox behavior of compounds that belong to different classes of amidrazones 5 (Scheme 1, Tables 1-5 ) with structural and substituent variations; for this purpose, cyclic voltammetry in an aprotic medium was successfully applied.
(ii) To gain further insight into the nature of the oxidation products we used density function theory (DFT) calculations on the B3LYP/6-31G(d) level 6 that allows not only to localize the main spin density of the radical cation, but also provides information about geometrical changes of the molecule during the oxidation process. The results are expected to make a contribution to elucidate the amenability of amidrazone compounds for participation in redox processes and to make a first statement about the most likely mechanism of persistent amidrazone radical formation. Scheme 1. IUPAC nomenclature numbers the distant nitrogen atoms of the amidrazone skeleton N1-C=N-N2 only. Contrary, we use the numbering as shown for 1 in order to apply consistent numbering as used in previous publications. 5 For substituents in 1-4 see Table 1 and Tables 3-5 .
Additionally, we exemplify the synthesis of open-chain α-carbonyl substituted N 2 -alkyl, aryl-amidrazones and 6-amino-substituted 2,3,4,5-tetrahydro-1,2,4-triazin-5-ones as cyclic compounds with amidrazone scaffold. Substituents and oxidation potentials are presented in Tables 1-5 . Cyclic voltammograms showing the formation of persistent radical cations are provided and results of quantum chemical calculations are related to the electrochemical data.
Results and Discussion

Synthesis
Hydrazonoyl chlorides as starting compounds for N1-disubstituted open-chain amidrazones could not be prepared via the generally applied Japp-Klingemann cleavage. Therefore, an alternative synthetic pathway had to be explored. In the literature, a number of different strategies have been reported. 8 For our purpose, (Z)-N-methyl-N-phenylhydrazonoyl chloride 6
was obtained by the reaction of oxanilide N-methyl-N-phenylhydrazide 5 with phosphorus pentachloride according to a reported procedure. 9 The hydrazonoyl chloride 6 was subsequently converted into amidrazone 7 by the reaction with piperidine (Scheme 2). 
Scheme 2
Using NOE experiments, 7 was found to exist as E isomer unlike the reported N1-monosubstituted amidrazones such as 1i 5 (Scheme 3). Irradiation at the frequency of the methyl protons causes an NOE to CONH but not to NCH 2 of the piperidine ring.
To investigate the mechanism of cyclization, which results in benzotriazepines, triazoles and triazolines, we chose not only N3-unsubstituted amidrazones as starting materials but also N3-mono-and disubstituted amidrazone derivatives (Scheme 1, Table 1 ). Reaction of amidrazone 1i with formaldehyde in the presence of p-toluenesulfonic acid yielded a product which was identified as compound 8 (Scheme 3), the first member of a novel cyclic amidrazone class of 6-amino-substituted 2,3,4,5-tetrahydro-1,2,4-triazin-5-ones. In the NMR spectra, a long-range coupling was observed between both protons in position 3 of the triazinone ring and the aromatic carbons directly bonded to the nitrogen atoms in triazinone positions 2 and 4. Electron impact mass spectrometry (EI-MS) and results of elemental analysis confirm the constitution of this structure.
Electrochemistry
Owing to their hydrazone structure, all amidrazones are susceptible to oxidation. Some of these species having a very low oxidation potential, such as (E)-1p or (E)-1q (Table 2) , are readily oxidized in diluted solutions (in DMF, MeOH or MeCN) as soon as they are exposed to air. This autoxidation process results in highly colored solutions from the original colorless compounds, and in most cases hydrogen peroxide can be found as reduction product of molecular oxygen. In order to gain further insight into the oxidation process we determined the electrochemical oxidation potentials of all the amidrazones comprised in Tables 1-5 by cyclic voltammetry at a platinum microelectrode. To avoid complications by reactions prior to electrochemical oxidation and immediate decomposition of the oxidation products, acetonitrile was used as an inert solvent. The potentials were measured against a saturated Ag/AgCl reference electrode and corrected in reference to the oxidation potential of ferrocene. Open chain as well as cyclic amidrazones can be oxidized between 300 and 800 mV at the platinum electrode as shown exemplarily in Tables 1-3 (Table 4 ) demonstrated stability against electrochemical oxidation up to the limit of 1300 mV. Generally, the substitution pattern of the aromatic group (Ar) was recognized as an important structural aspect for the oxidation potential in all of the tested compound classes. Exemplified for the triazolines, it is apparent that electron withdrawing or rather electron releasing groups influence the potential to be oxidized. Substituents containing strong negative inductive effects, e.g., fluorine 2c or chlorine 2e atoms raise the required oxidation potential whereas unsubstituted 2b or methylsubstituted 2d phenyl groups support lower oxidation potentials. The voltammograms at the microelectrode show a typical sigmoid shape (see Figure 1) attributed to the special diffusion conditions at microelectrodes. Analysis gives a hint to a diffusion controlled one-electron step. This is confirmed by microcoulometry (see below). Open-chain amidrazones, which tend to form E/Z isomers, can additionally be qualitatively checked for impurities with the respective other isomer by cyclic voltammetry at a platinum microelectrode (Figure 1) . Figure 2B ) which correlates well with that of ferrocene. This radical state was found to be persistent for at least six repeated cyclovoltametric runs and beyond. Similarly, the radical species of the triazolines, benzotriazepines and the novel triazinone compound 8 demonstrate a remarkable stability. The reversible behavior is shown for compound 2b ( Figure 3A) as an example for a triazoline and compound 8 ( Figure 3B ). Extrapolation of the electrolysis current results in a charge of 5.33 C corresponding to 1.02 electrons per molecule. The deviation of the current from linearity at the beginning of the electrolysis is attributed to the ohmic drop in the cell and does not compromise the result.
Microcoulometric oxidation of 2d at a platinum sheet as the working electrode at 700 mV resulted in an extrapolated charge consumption of just one electron/molecule and yielded a stable deep green-blue colored solution that could be reduced at -200 mV to the starting compound (Figure 4) . EPR spectra of the oxidized amidrazones clearly identify the product as a radical, however the spectra showed no fine structure, hence no information on the spin distribution could be obtained (data not shown). For gaining insight into the structures of the reaction products we used quantum chemical calculations.
Quantum chemical studies
Density functional theory (DFT) calculations on the B3LYP/6-31G(d) level were performed on amidrazones and their radical cations to study structure-property relationships within the oxidation process of such compounds. The investigations were carried out on the isolated systems using the GAUSSIAN98 program package. 6 The energetically preferred conformations of the neutral molecules and the radical cations were obtained by full optimization. The structures of the minima were characterized by frequency calculations on the same level. For molecules with an open amidrazone structure the possible E and Z isomers related to the C1-N2 double bond (for numbering see Figure 6 ) were taken as alternative starting structures to find the most stable conformers. Both amidrazones with a mono-and disubstituted N1 atom were considered as they show differences in their electrochemical oxidation behavior. The reaction energy ∆E of the amidrazones for the oxidation in the gas phase A → A •+ + e -was calculated.
The obtained ∆E values were correlated with electrochemically measured oxidation potentials E ox . In the electrochemical measurements the same solvent and similar conditions were used. Therefore, the measured E ox data and the calculated ∆E values can be compared in some way.
Within the more qualitative considerations we have not included thermal corrections and solvation effects. Moreover, the energy of the highest occupied molecular orbital ε HOMO for the amidrazones was considered. The results are shown in Table 6 . Amidrazones are classified with respect to the substitution at the N1 atom. The first part contains disubstituted compounds and the second part the monosubstituted ones. Electrochemically measured oxidation potential for the oxidation process.
A correlation of the reaction energies ∆E with the oxidation potentials E ox indicates that a certain relationship can only be found within the disubstituted compounds. This is illustrated in Figure 5 . The calculated values for the compound 3c (Table 6 ) are in qualitative agreement with the experimental findings of the difficult oxidability of such substances. The compounds with an N1-H bond (marked ) in Figure 5 show significant deviations from the linear fit obtained by the systems with two substituents at the N1 atom. The results support the electrochemical findings that the presence of an N1-H function in the amidrazones causes an irreversible pathway of the oxidation process. Obviously, amidrazones with a N1-H bond show a more complex mechanism in the radical oxidation reaction. A comparison of the most stable conformers of the molecule and the corresponding radical cation indicates significant structural changes between the starting compound and the product of the oxidation reaction. This can be deduced from the energetically preferred structures of (E)-1p and its radical cation given in Figure 6 . The molecular segments at the central C1 atom show a different arrangement in both species. It is remarkable that the formation of the radical cation causes a balance in the bond lengths of the amidrazone skeleton. Generally, in the radical cation the C1-N2 bond is lenghtened and the C1-N3 bond is shortened in comparison to the corresponding neutral molecule. It is noteworthy that the bond lengths of the amidrazone skeleton for all of the calculated molecules are within the range, which was found in other amidrazone derivatives by X-ray measurements (1.30-1.37 Å for N1-N2, 1.28-1.30 Å for C1-N2 and 1.36-1.47 Å for C1-C3).
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Intramolecular hydrogen bonds are relevant both in the most stable conformers of the amidrazones and their radicals but especially in the systems with an N1-H bond. It should be mentioned that there is no correlation between ε HOMO and E ox values ( Table 6 ). The significant conformational changes between the molecule and its radical cation could be a main reason for these findings because this effect is not considered by the simple orbital correlation.
Conformational studies on the amidrazones including E and Z forms show that for the isolated molecules the E isomer is more stable than the Z isomer (systems 7 and 1p ) or has comparable stability (system 1q). This is quantified by the values of the relative energies E r of the Z isomers related to their E isomers (E r = 27 kJ/mol for (Z)-7, E r = 34 kJ/mol for (Z)-1p and E r = 0 kJ/mol for (Z)-1q). X-ray investigations of amidrazone derivatives sometimes reveal E and Z isomers in the crystal. Moreover, the total atomic spin densities were calculated for the most stable conformers of the radical cations. It is notable that the dominant contributions were obtained at the nitrogen atoms of the amidrazone skeleton. The values at the other atoms including the C1 atom are significantly smaller. This is illustrated in Table 7 . In all cases the largest value for the total atomic spin density was found at the N1 atom, which is directly bound to the phenyl ring and most likely is the point of the radical origin. The values at the N2 and N3 atoms are comparable to a large extent excluding the radical cations of 8 and (E)-1p. For the E and Z isomers of 1p no remarkable change in the atomic spin density distribution was found. Microcoulometry. 54 µmol of 2d were dissolved in 50 ml electrolyte (0.1 M lithium perchlorate in acetonitrile) and placed in a small three-compartment-cell. The area of the platinum sheet used as working electrode was 1 cm 2 . All further instrumental parameters were the same as in the cyclovoltammetric experiment. The potential was adjusted to 700 mV and the current was registrated against the time. During the electrolysis the color of the solution changed from yellow to deep blue. When the current dropped down to 0.1 mA the electrolysis was finished and the charge calculated by integration of the current along the time.
Experimental Section
Quantum chemical calculations. Molecular and electronic structures of radical cations and their neutral molecules were investigated by the density functional theory (DFT) hybrid B3LYP method with standard 6-31G(d) basis set. 6 
